Sodium currents in cultured rat muscle cells converted to myoballs by treatment with colchicine were recorded using a giga-ohm seal voltage clamp procedure in the whole cell configuration.
Sodium currents in cultured rat muscle cells converted to myoballs by treatment with colchicine were recorded using a giga-ohm seal voltage clamp procedure in the whole cell configuration.
The mean peak Na+ conductance of the myoballs was 90 pS/pm* of surface membrane.
Half-maximal activation of Na+ currents was observed for test pulses to -31 mV and half-maximal inactivation was observed for prepulses to -74 mV. Titration of the inhibition of Na+ currents by tetrodotoxin (TTX) yielded a biphasic inhibition curve consistent with the presence of two classes of Na+ channels differing in affinity for TTX. The TTX-sensitive channels carried 28% of the Na+ current and had an apparent KD for lTX of 13 nM at 20°C. The TTX-insensitive Na+ channels had an apparent K. for TTX of 3.2 PM. Inhibition of TTX-insensitive Na+ channels by TTX was enhanced by repetitive stimulation of the myoballs at 2 Hz, whereas the inhibition of lTXsensitive Na+ channels by TTX was not frequency dependent. We conclude that rat muscle cells developing in vitro synthesize physiologically functional, T-TX-sensitive Na+ channels in the absence of innervation. These channels, which are characteristic of adult skeletal muscle, function in parallel with TTX-insensitive Na+ channels that are present in embryonic muscle.
Voltage-sensitive sodium channels mediate the rapid sodium influx during the depolarizing phase of the action potential in vertebrate skeletal muscle. In adult skeletal muscle, these sodium channels are specifically inhibited by tetrodotoxin (TTX) and saxitoxin (STX) binding at neurotoxin receptor site 1 with a I& of 1 to 10 nM (reviewed by Ritchie and Rogart, 1977; Catterall, 1980) . In fetal mammalian muscle in vivo (Harris and Marshall, 1973) or in cell culture (Kidokoro et al., 1975; Catterall, 1976; Sastre and Podleski, 1976; Stallcup and Cohn, 1976) and in denervated adult muscle (Harris and Thesleff, 1971; Pappone, 1980) there are sodium channels which are relatively insensitive to inhibition by these toxins having an apparent K.
of approximately 1 pM. TTX-insensitive sodium channels do not appear in denervated muscle of the nonmammalian vertebrates that have been examined (Nasledov and Thesleff, 1974; Cullen et al., 1975) .
TTX-sensitive and -insensitive sodium channels in mammalian skeletal muscle cells have similar affinity for the alkaloids veratridine, aconitine, and batrachotoxin, which cause persistent activation by interaction with neurotoxin receptor site 2 on the sodium channel (Albuquerque and Warnick, 1972; Catterall, 1976; Lawrence and Catterall, 1981 a) . In contrast, TTX-insensitive sodium channels bind sea anemone toxins with higher affinity and scorpion toxins bind with lower affinity than do TTX-sensitive sodium channels at neurotoxin receptor site 3 (Lawrence and Catterall, 1981 a, b; Sherman et al., 1983; Frelin et al., 1984a, b) . These results suggest that TTXsensitive and -insensitive sodium channels represent distinct pharmacological subtypes with differing affinity and specificity at two neurotoxin receptor sites.
Myocytes maintained in cell culture fuse to form multinucleated myotubes which are electrically excitable and contract spontaneously (reviewed by Nelson, 1975) . TTX-insensitive sodium channels are present in mononucleated myoblasts as well as in mature cultures of myotubes (Catterall, 1976; Frelin et al., 1983) . Early electrophysiological and ion flux studies of cultured rat muscle cells did not detect TTX-sensitive sodium channels (Kidokoro et al., 1975; Catterall, 1976; Sastre and Podleski, 1976; Stallcup and Cohn, 1976; Lawrence and Catterall, 1981a) . However, two recent reports show that these cells have a substantial complement of high affinity binding sites for STX which have the characteristics of TTX-sensitive sodium channels (Frelin et al., 1983; Sherman et al., 1983) . Sherman et al. (1983) concluded that these represent physiologically functional TTX-sensitive sodium channels because spontaneous contraction was inhibited by low concentrations of TTX, and "'Na+ influx mediated by sodium channels activated with veratridine plus scorpion toxin was inhibited by TTX in a biphasic manner consistent with the presence of both TTX-sensitive and -insensitive sodium channels. In contrast, Frelin et al. (1983) concluded that the high affinity STXbinding sites were a physiologically inactive form of the TTX-sensitive sodium channels because the action potential was unaffected by 50 nM TTX and because **Na influx mediated by sodium channels activated with veratridine and sea anemone toxin was inhibited by TTX in a monophasic manner, suggesting the presence of only TTXinsensitive sodium channels.
None of the methods used in these two previous studies provides an unambiguous test of the presence of physiologically active, TTXsensitive sodium channels (see "Discussion"). Recording of sodium currents activated by depolarization under voltage clamp control is the most rigorous method to study sodium channel function. The membrane potential of skeletal muscle myotubes in cell culture cannot be effectively controlled by a microelectrode voltage clamp because of cylindrical geometry of the cells. Fukuda et al. (1976 ) Vol. 5, No. 9, Sept. 1985 showed that conversion of the elongated myotubes to spherical "myoballs" by treatment with colchicine allowed accurate recording of slow whole cell membrane currents with a two-microelectrode voltage clamp apparatus. However, the sodium current was activated too rapidly for good resolution with this method (Fukuda et al., 1976) . Therefore, we have used the giga-ohm seal patch voltage clamp method of Hamill et al. (1981) in the whole cell configuration to make a more definitive assessment of the presence of functional TTX-sensitive sodium channels in rat muscle cells converted to myoballs with colchicine. The culture medium consisted of 10% horse serum, 5% newborn calf serum, and 85% DMEM. After day 4, the culture medium was supplemented with 1 X 10e7 or 1 X 10m6 M colchicine, resulting in formation of myoballs within 24 hr.
Materials and Methods

Materials
Voltage clamp recordings. Myoballs formed from rat muscle cells maintained in culture for 5 to 10 days were used for voltage clamp experiments. The culture medium was replaced with one of the following recording media: (7 ) normal mammalian Ringer's solution (150 mM NaCI. 5 mM KCI, 1.5 mM CaCI,. 1 mM MgCIP, 5 mM glucose, 5 mM Na+ HEPES, pH 7.4) (2) K+-free Ringer's solution (150 mM NaCI, 1.5 mM CaC&, 1 mM MgCl*, 5 mM glucose, 5 mM Na HEPES, pH 7.4) or (3) K+-free TEA-Ringer's solution (120 mM TEA, 35 mM NaCI, 1.5 mM CaC12, 1 mM MgCIP, 5 mM glucose, 5 mM Na HEPES, pH 7.4). Recordings were made on myoballs with diameters of 23 to 38 pm at room temperature (20 f 1 "C). The voltage clamp was based on the one-pipette giga-ohm seal whole cell recording technique (Hamill et al., 1981) . A circuit for voltage clamp allowed series resistance compensation of up to 1 megohm. Details of the recordings were described previously (Gonoi et al., 1984) . Tip resistances of the pipettes were 0.1 to 0.3 megohms in mammalian Ringer's solution. The internal pipette solution was as follows: 145 mM CsF, 10 mM NaF, 5 mM EGTA, pH 7.2. K+ current was efficiently blocked by Cs' ions in the micropipette.
Currents were displayed on a storage oscilloscope and photographed.
Surface area of myoballs was calculated from the diameter of the myoballs under a microscope, since they are spherical. Total capacitance of the membrane was calculated from the area under the capacity current transient tn a voltage step from -90 to -97.5 mV. Na+ conductance, G,,, was calculated from peak currents by the relation
where & is Na+ current, f is membrane potential, and ENa is the reversal potential of the Na+ current measured for each G, determination.
For measurements of voltage-dependent acttvation and inactivation of Na+ channels, the holding potential of the cell was maintained at -90 mV. For measurement of activation, the membrane was hyperpolarized in a prepulse to -135 mV for 90 msec to remove inactivation of Na+ channels, and then depolarized to test pulse potentials from -75 to +75 mV for 10 msec. For measurement of the voltage dependence of inactivation, the potential of the 90.msec prepulse was varied from -135 mV to -30 mV in intervals of 15 mV and the cell was then stimulated with a test pulse to -15 mV for 10 msec. The voltage dependence of sodium channel activation shifted 10 to 20 mV to more negative values over 60 min after making a seal. The values reported are those made as soon as the maximum seal resistance and current were attained.
For studying frequency dependence of the TTX action on sodium currents, myoballs were stimulated wrth depolarizing test pulses to -15 mV at a frequency between 0.5 and 8 Hz from a holding potential of -120 mV without a prepulse.
Deterrwnation of the concentration dependence of 77X action. The Na+ conductance of most myoballs was increased from 0 to 50% of the initial values in 5 to 10 min after making a seal. TTX dose-response measurements were started after steady amplitude of sodium currents was obtained, TTX dissolved In TEA-Ringer's was added to the dish either by perfusing the dish with a peristaltic pump or adding solutron cumulatively to the top of the dish.
In the latter case, multiple aliquots of TTX solution 3-fold more concentrated than the desired concentration were added to the dish from a pipette at several points more than 1 cm from the myoball. In either procedure, 6 to 10 min were allowed for TTX inhibition to reach steady state. These two procedures gave identical results. In some experiments, the TTX solution was washed out by perfusing with a peristaltic pump to examine recovery from the TTX inhibition of Na+ currents.
The inhibition of Na+ currents by different concentrations of TTX was analyzed according to a two-site model in which a fraction, FH, of the Na+ current IS mediated by Na+ channels with a high affinity for TTX characterized by the dissociation constant, KH, and the remaining Na+ current (1 -FH) is mediated by Na+ channels with low affinity for TTX characterized by the dissociation constant KL according to the equation
Best fit values for FH, KH, and squares curve-fitting procedure.
Results
KL were determined by an iterative least Na+ currents of rat myoballs.
Because of their large surface area, rat myoballs have large whole cell sodium currents ranging up to 200 nA. In order to avoid series resistance artifacts in our current recordings, most experiments were carried out in a TEA-substituted mammalian Ringer's solution which contained 35 mM Na+. Figure  IA shows a family of Na+ currents recorded from a g-day-old rat myoball in culture. The myoball was placed in TEA-Ringer's and the cell membrane was stimulated by test pulses ranging from -75 mV to +75 mV following a 90-msec prepulse to -135 mV. Na+ channels are activated within 3 msec and were completely inactivated before the end of the IO-msec test pulse period when the test potentials were more positive than -15 mV. Na+ currents of myoballs in normal Ringer's have similar kinetics (data not shown). Figure 2 illustrates the voltage dependence of steady-state activation and inactivation of the Na+ currents of rat myoballs. The mean values of the membrane potentials for half-maximal activation and inactivation of the sodium channels in rat myoballs were -30.9 + 8.9 mV (SD; n = 37) and -74.3 f 7.8 mV (n = lo), respectively. The average B Figure 7 . Na+ currents from rat myoballs in culture. Rat myoblast cultures were prepared and myoballs were made as described under "Materials and Methods." A, The recording was made in TEA-substituted, low Na+ Ringer's (see "Materials and Methods") 8 min after making a seal between a myoball and the micropipette.
The recording micropipette contained 145 mtv CsF ions which blocked outward K+ current. The myoball was maintained at a holding potential of -90 mV, hyperpolarized to -135 mV for 90 msec, and depolarized once per second to potentials from -75 mV to +30 mV in 15. mV intervals to elicit Na+ currents. B, Na+ currents from another rat myoball 90 min after making a seal between the membrane and the micropipette. The recording was made in normal Ringer's solution. The stimulus conditions were the same as in A except that the first test pulse potential was -90 mV. The inactrvation of the Na+ current was removed progressively and spontaneously after making a seal. Calibration, 2 msec, 10 nA for A and 2 msec, 20 nA for B. (Sherman et al., 1983 Figure 3A were plotted as an EadieHofstee plot as illustrated in Figure  38 . Glga-ohm seals were made on indivtdual rat myoballs and Na+ currents were recorded in TEA-Ringer's as described under "Materials and Methods." Following recording of control currents, the indicated concentraQons of nX were achieved by cumulative additions of TTX solution (11 myoballs) or by perfusion with TWcontaining TEA-Ringer's (2 myoballs), and peak Na+ conductance was determined as described under "Materials and Methods." Data from the two different methods of addition of TTX were similar and were pooled for analysis. Values of the mean of the normalized Na+ conductance (0, GNa/GNamaX ) and the SEM are plotted against TTX concentration. inhibition of Na+ channels on rat myoballs by TTX. A, After control recordings in TEA-Ringer's, the recording medium was changed to 155 mM Na+ Ringer's containing 1 FM TTX. The high Na+ medium was used, since the currents were small because of steady-state inhibition of TTX. The myoball was maintained at a holding potential of -120 mV. After a resting period of 3 min, the cell was stimulated with depolarizing test pulses to -15 mV for 10 msec at a frequency of 2 Hz to elicit Na+ currents. Traces of 10 currents were superimposed.
Accumulative decrease of Na+ current amplitude was observed during every depolarizing test pulse. In control recordings without -TX, there was no reduction of Na+ currents during the repetlttve stimulation under this stimulus conditions. 6, A similar experiment was carried out in the presence of 30 nM TTX in TEA-Ringer's, C, The normalized Na+ currents are plotted versus pulse number for 30 nM mX (0) and 1 PM nX (0). Calibration, 2 msec, 5 nA.
The effect of low concentrations of TTX on the Na+ conductance was also examined by incubating myoballs with a low concentration of TTX in TEA-Ringer's, recording the inhibition of Na' currents, washing out the TTX, and recording the increase in Na+ current. In this series of experiments, myoballs were incubated with TEARinger's containing 10 nM TTX for more than 10 min until steadystate inhibition of Na+ conductance was obtained. Then TTX was washed out by perfusing the dish with TEA-Ringer's containing no toxin. Na+ currents were reversibly inhibited 22.2 + 2.7% (n = 3) by 10 nM TTX. Assuming KD values for high and low affinity sites of 10.0 nM and 2.8 PM, respectively, and one-to-one binding of TTX to Na+ channels, these results suggest that 44.9 + 5.3% of the Na+ current is mediated by Na+ channels with high affinity TTX receptor sites, and 55.1% is mediated by those with low affinity sites on these three myoballs.
Frequency dependence of TX block. Mammalian cardiac muscle cells have TTX-insensitive sodium channels (Dude1 et al., 1967; Baer et al., 1976; Cohen et al., 1981) which have the same profile of neurotoxin sensitivity as those in cultured skeletal muscle cells (Catterall and Coppersmith, 1981) . Frequency dependence of TTX block was reported for TTX-insensitive sodium channels of rabbit cardiac cells (Cohen et al., 1981) but has not been reported for lTXsensitive Na+ channels. When rat myoballs were incubated in 1 PM TTX, frequency-dependent inhibition of Na current was observed. In Figure 4A , the myoball was stimulated with depolarizing test pulses to -15 mV from a holding potential of -120 mV at 2 Hz. The Na+ current was decreased by each test pulse in an exponential manner and reached a steady-state level of 61.2% of the amplitude of the first current (Fig. 4C) . To obtain half-maximum inhibition of the frequency-dependent block, 1.22 pulses were required at this stimulus condition. The time constant of the recovery from the frequencydependent -TX block was determined by measuring the current amplitude at 20, 30, and 60 set after ceasing the repetitive 15 depolarizing pulses (data not shown). The time constant of the recovery was 35.1 f 5.4 set (SD; n = 2).
In contrast, little frequency-dependent block by TTX was observed in the presence of 5, 10, or 30 nM TTX in the frequency range of 0.2 to 8 Hz on four myoballs examined ( Fig. 48 and C) . Therefore, as observed previously in other cell types, block of TTX-sensitive Na+ channels by TTX is not frequency dependent, whereas block of TTX-insensitive Na+ channels is frequency dependent.
Discussion
Sodium channels in rat muscle fibers developing in vitro. Our results show directly that individual embryonic rat muscle fibers developing in vitro in the absence of innervation have physiologically active forms of both TTX-sensitive and TTX-insensitive sodium channels in their surface membrane. Thus, innervation is not required for the initial appearance of high affinity UX receptor sites (Sherman and Catterall, 1982; Frelin et al., 1983; Sherman et al., 1983) or of functional TTX-sensitive sodium channels (this report). However, innervation in vivo is required to achieve a stable adult level of TTXsensitive sodium channels (Sherman and Catterall, 1982) and to prevent the reappearance of TTX-insensitive sodium channels in adult mammalian skeletal muscle (Harris and Thesleff, 1971; Pappone, 1980) . The loss of TTX-insensitive sodium channels during development of rat skeletal muscle in vivo can be mimicked in vitro by co-culture with spinal cord explants (Ziskind and Harris, 1979) or growth in medium containing spinal cord extract (Kuromi et al., 1979) , suggesting that a chemical mediator is responsible for the effect of innervation on TTX-insensitive sodium channels. TTXsensitive sodium channels are down-regulated by the electrical activity of developing muscle cells (Sherman and Catterall, 1984) , but the mechanism responsible for innervation-dependent up-regulation of the number of TTX-sensitive sodium channels (Sherman and Catterall, 1982) remains uncertain.
The mean Na+ conductance of the myoballs studied was 90 pS/ pm2 of cell surface at 35 mM Na+. Extrapolating to a physiological Na+ concentration of 135 mM using an apparent Ku of 204 mM (Yamamoto et al., 1984) indicates a peak Na+ conductance of 246 pS/pm2. Pappone (1980) found a mean conductance of 710 pS/ pm2 in normal rat skeletal muscle fibers at 22'C. Thus, the total Na+ conductance of the myoball surface membrane is approximately 35% of the adult level, indicating the presence of a substantial density of functional sodium channels. Of this Na+ conductance, approximately 68 pS/pm2 is mediated by TTX-sensitive sodium channels, 10% of the adult value.
The membrane potentials at which half-maximal activation and inactivation of Na+ current in rat myoballs were observed were -31 mV and -74 mV, respectively. Pappone (1980) found values of -52 mV and -89 mV for rat extensor digitorum longus fibers cut in CsF, whereas Adrian and Marshall (1977) obtained half-maximal activation and inactivation at -47 mV and -80 mV, respeclvely, for intact fibers from the same muscle. Thus, both activation and inactivation of sodium channels in rat myoballs appear to occur at more positive membrane potentials than in innervated adult muscle fibers. However, we report values before the shift of voltage-dependent parameters observed after making a seal (see "Materials and Methods"). Values obtained 1 hr after seal formation would be close to those reported for adult muscle.
Previous studies have demonstrated a close similarity of pharmacological properties of TTX-insensitive sodium channels in rat cardiac muscle and skeletal muscle cells (Catterall and Coppersmith, 1981) . Our results extend this comparison to frequency dependence of TTX action (Cohen et al., 1981; Fig. 4) . Thus, we propose that frequency-dependent block by TTX is a general characteristic of TTX-insensitive sodium channels that distinguishes them from the TTX-sensitive sodium channels in nerve and adult muscle. This property may be considered a third distinguishing characteristic of these two sodium channel subtypes along with their affinity for TTX and STX at neurotoxin receptor site 1 (Harris and Thesleff, 1971; Pappone, 1980) and their affinity and specificity for binding of scorpion toxins and sea anemone toxins at neurotoxin receptor site 3 (Lawrence and Catterall, 1981a, b; Sherman et al., 1983; Frelin et al., 1984a, b) .
Comparison with previous results. Two previous studies reached opposite conclusions concerning the functional activity of TTXsensitive sodium channels in rat muscle cells developing in vitro (Frelin et al., 1983; Sherman et al., 1983) . Our present results with the patch voltage clamp method agree closely with earlier conclusions based on measurements of neurotoxin-activated ion flux (Sherman et al., 1983) . K. values for the high affinity sites (21 nM versus 13 nu) and low affinity sites (1.8 PM versus 3.2 pM) are in close agreement. In addition, incubation of cultured rat muscle cells with veratridine plus scorpion toxin which preferentially activate TTXsensitive sodium channels Sherman et al., 1983) results in 41% of the influx mediated by TTX-sensitive Na+ channels and 59% by TTX-insensitive channels (Sherman et al., 1983) . This value compares favorably with the 27 + 14% (SD) of Na+ current mediated by T-TX-sensitive sodium channels in the present voltage clamp experiments, since both classes of channels should be activated to an equivalent extent by membrane depolarization in these studies.
The methods used in previous studies of sodium channels in rat skeletal muscle by Frelin et al. (1983) provide a possible basis for interpretation of the apparent lack of Na+ conductance mediated by TfX-sensitive sodium channels. In their ion flux studies, sodium channels were activated by veratridine plus sea anemone toxin. This treatment activates TTX-insensitive sodium channels preferentially (Lawrence and Catterall, 1981a; Sherman et al., 1983; Frelin et al., 1984a) . Under these conditions, we also observed no component of **Na+ influx with high affinity for TTX (Sherman et al., 1983) . Thus, it is likely that the conditions selected for activation of Na+ channels by neurotoxins obscured a small component of *'Na+ influx with high affinity for TTX by preferentially activating the channels with low affinity for TTX. Frelin et al. (1983) also observed no effect of 50 nM TTX on the action potential of cultured rat muscle cells, suggesting that there were no functional sodium channels with high affinity for TTX. However, in the original description of T-TX-insensitive sodium channels in denervated rat muscle by Harris and Thesleff (1971) measurements of action potentials in the presence of various concentrations of TTX did not detect TTX-sensitive Na+ channels despite the fact that 80% of the Na+ current measured in voltage clamp is mediated by Na+ channels with high affinity for TTX (Pappone, 1980) . Evidently, the 20% of the sodium channels that have low affinity for TTX are sufficient to mediate an action potential of nearly normal amplitude and rate of rise (Pappone, 1980) . This nonlinear relationship between action potential parameters and Na+ current makes it difficult to interpret results from action potential recordings alone. Since this method does not detect 80% TTX-sensitive Na' channels in denervated rat muscle, it seems probable that it also would have failed to detect the 27% TTX-sensitive Na+ channels that we have observed in whole cell patch clamp of rat myoballs, even if they were present in the cells studied by Frelin et al. (1983) . Therefore, we believe these previous data are not inconsistent with the presence of functional TTX-sensitive sodium channels in rat muscle cells.
During our preparation of these results for publication, another study of the inhibition of Na+ currents in rat myoballs by TTX appeared (Frelin et al., 1984b ). An apparent KI, value of 70 nM for block of Na+ currents in rat myoballs by TTX was reported, and it was concluded that all of the Na+ current was mediated by TTXinsensitive Na+ channels. This is a surprising result and conclusion. TTX-sensitive Na+ channels in mammalian skeletal muscle have K. values for TTX binding and action of approximately 5 to 20 nM at 20 to 37°C (Ritchie and Rogart, 1977; Pappone, 1980; Sherman et al., 1983 ; this report). TTX-insensitive Na+ channels in mammalian skeletal muscle have apparent K. values for inhibition of Na+ currents by TTX of 1 to 3 PM whether measured by ion flux or voltage clamp (Kidokoro et al., 1975; Catterall, 1976; Sastre and Podleski, 1976; Stallcup and Cohn, 1976; Pappone, 1980; Lawrence and Catterall, 1981a; Frelin et al., 1983 Frelin et al., , 1984a Sherman et al., 1983 ; this report). Thus, the observed value of 70 nM falls between those expected for TTX-sensitive and -insensitive Na+ channels and lies closer to the expected values for TTX-sensitive channels. Without further analysis, these results also do not seem inconsistent with the presence of a fraction of Na+ current that is mediated by TTXsensitive Na+ channels with a KD of 13 nM as observed here.
Although our results show that rat muscle cells developing in vitro have a substantial complement of functional TTX-sensitive sodium channels, they do not provide evidence that all of the high affinity TTX receptor sites are associated with functional channels. Nonfunctional TTX-binding sites may exist in parallel with the functional TTX-sensitive Na+ channels we have studied. Further experiments will be required to determine whether channel precursors with high affinity binding sites for TTX but no functional activity are observed during muscle development.
